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Surface  barriers  placed  normal  to  the  winds  have  been  widely  used  to  protect  crops 
and  lands  from  the  ravages  of  wind.    Interest  in  the  use  of  windbreaks  for  this  purpose  in 
the  High  Plains  of  the  United  States  reached  a  peak  with  the  shelterbelt  program  of  the 
1930's. 

Very  little  research  has  been  conducted  on  the  effect  of  barriers  on  the  wind  and  on 
their  protective  influences  since  the  shelterbelt  program  was  terminated  in  1942.  Much 
of  the  research  work  in  the  past  has  been  sporadic  and  has  led  to  variable  or  conflicting 
results.    Field  research  with  the  actual  phenomena  is  handicapped  by  the  difficulty  of  ob- 
taining control  over  the  variables  encountered.    Furthermore,  obtaining  data  throughout 
the  zone  of  influence  of  a  full-scale  shelterbelt  is  a  tremendous  physical  task. 

It  is  the  purpose  of  this  research  to  study  rather  completely  the  principles  involved 
in  the  placement  of  barriers  or  windbreaks  through  the  use  of  a  wind  tunnel  and  small- 
scale  models. 

Investigations  in  the  fields  of  meteorology,  hydraulics,  and  aerodynamics  have  shown 
that  a  frictional  drag  is  developed  when  a  fluid  such  as  air  in  a  wind  tunnel,  water  in  ei- 
ther open  or  closed  conduits,  or  atmospheric  wind  flows  over  a  boundary  surface.  Plac- 
ing obstacles,  such  as  windbreaks,  in  the  path  of  the  wind  creates  a  new  boundary  sur- 
face of  separation  at  an  elevation  approximately  equal  to  the  height  of  the  obstacle.  This 
lessens  the  drag  on  the  original  surface  and  lowers  the  prevailing  surface  velocity.  Con- 
sidered from  the  standpoint  of  wind-erosion  control,  benefits  may  accrue  wherever  the 
direct  force  of  the  wind  on  the  soil  is  decreased. 
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The  effectiveness  of  an  obstacle  in  creating  a  new  boundary  and  lowering  the  surface 
velocity  depends  upon  the  object's  shape,  height,  and  density  and  upon  the  velocity  of  the 
wind.    The  evaluation  of  the  individual  effect  of  these  variables  has  not  been  solved  com- 
pletely. 

More  information  is  needed  on  the  extent  of  the  lag  of  the  wind  velocity  within  the  in- 
fluence of  an  obstacle.    This  lag  will  extend  to  the  limits  of  the  new  boundary  surface. 
When  these  limits  are  reached  the  air  responds  to  the  pull  of  the  faster  moving  currents 
and  regains  its  initial  velocity.    Just  how  far  these  limits  extend  is  problematic. 

This  paper  presents  results  of  studies  designed  to  obtain  information  on  some  of  the 
preceding  problems.  The  scope  of  the  report  is  limited  to  the  investigations  and  results 
of  studies  on  single  barriers  having  variable  geometrical  shapes. 

REVIEW  OF  PREVIOUS  WORK 

The  amount  of  material  published  on  the  subject  of  windbreaks  is  voluminous.  Much 
of  the  research  has  dealt  with  cultural  aspects  of  the  problem;  i.  e.,  species,  planting, 
management,  and  care  of  plants.    Since  1936,  a  number  of  field  investigations  and  one 
wind-tunnel  study  have  been  conducted  to  find  answers  to  some  of  the  aerodynamic  prob- 
lems related  to  windbreaks.    This  review  of  literature  is  limited  to  some  of  the  reports 
which  present  scientific  data  on  the  effectiveness  of  windbreaks. 

Between  1935  and  1938  the  United  States  Forest  Service  conducted  a  number  of  studies 
to  define  more  clearly  the  influence  of  shelterbelts .    Much  of  this  work  was  implemented 
by  C.  G.  Bates  (3,  4,  5).^    The  studies  were  conducted  at  Huron,  S.  Dak.,  and  at  Holdrege, 
Nebr.    The  studies  at  Huron  were  devoted  to  evaluating  the  influence  of  windbreaks  on 
agronomic  features  and  practices;  i.  e.,  reducing  wind  velocities  over  field  crops,  reten- 
tion of  moisture,  and  effect  on  crop  yields.    The  studies  at  Holdrege  were  conducted  to  e- 
valuate  the  effect  of  windbreaks  on  house  heating.    Slat-fence  barriers  were  used  in  lieu 
of  actual  windbreaks  on  both  of  these  projects. 

In  1936  DenUyl  (9)  of  the  Forestry  pepartment  of  the  Purdue  Agricultural  Experiment 
Station  conducted  field  tests  of  actual  windbreaks  in  Indiana.    His  data  included  records  of 
temperature,  humidity,  and  wind  velocity  over  a  period  of  5  years.    He  used  five  natural 
windbreaks  of  different  density  and  species  in  his  studies.    The  scope  of  the  results  was 
somewhat  limited  due  to  the  influences  of  buildings  near  the  windbreaks. 

The  Regional  Forestry  Division  of  the  Soil  Conservation  Service  published,  in  1947, 
a  pamphlet  entitled  "Tree  Windbreaks  for  the  Southern  Plains''  (25).    This  report  in-  . 
eludes  information  on  the  effects  on  wind  movement,  adaptability  of  trees  for  the  Southern 
Plains,  planting,  management,  arrangement,  and  care. 

Others  who  have  worked  on  the  problem  in  the  United  States  are:    Cheyney  (7)  of  the 
Minnesota  Agricultural  Experiment  Station  who  obtained  data  on  wind-velocity  reduction 
and  the  effect  of  drafts  or  openings  in  the  breaks;  George  (11),  information  on  spacing 
within  breaks;  Staeckler  (23),  recommendations  on  the  number  of  rows  within  breaks  and 
replacement  of  trees;  Hood  (14),  data  on  distance  of  protection  to  lee  and  effect  on  crop 
yield;  Clark  (8)  and  Trenk  (24),  data  on  wind-velocity  reduction. 

Although  windbreaks  have  been  used  by  Chinese  farmers  for  many  years  (6),  there 
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does  not  seem  to  be  evidence  of  any  researches  on  their  value.    Workers  in  Russia  (12, 
15,  22,  26), Sweden  (2), Denmark  (10),  Australia  (l),  and  Canada  (13,  18,  27)  have  also 
reported  findings  relative  to  windbreaks.    Of  this  group,  Russian  workers  have  published 
the  most  data  on  the  subject;  however,  their  data  contain  no  discussion  of  methods  used, 
thus  making  it  difficult  to  evaluate  published  results.    There  appears  to  be  considerable 
difference  of  opinion  among  Russian  workers  in  regard  to  the  spacing  and  effectiveness 
of  windbreaks.    DenUyl  (9)  presents  a  rather  complete  list  and  discussion  of  the  various 
foreign  publications. 

A  wind-tunnel  study  of  windbreaks  was  conducted  by  J.  S.  Atsumi  in  1936  at  the  Cali- 
fornia Institute  of  Technology.    Results  of  his  work  are  included  in  a  paper  by  Malina  (  16). 
Atsumi  used  1-inch  cotton  balls  as  model  trees.    He  had  11  tree  arrangements,  ranging 
from  a  single  row  up  to  6  rows  spaced  in  different  echelons.    His  results  demonstrated 
that  the  shielding  effectiveness  per  tree  was  greatest  for  a  single  row  of  trees.    It  was 
concluded,  however,  that  2  rows  spaced  1  tree-height  apart  and  1  tree-height  wide  gave 
much  better  protection  per  windbreak. 

A  recent  review  of  published  literature  on  windbreaks  is  given  in  an  excellent  mas- 
ter's thesis  report  by  W.  N.  Moreland  (17).    Sixty-three  references,  both  foreign  and 
domestic,  are  listed  and  discussed. 

SCOPE  AND  GENERAL  METHODS  OF  STUDY 

The  fundamental  problems  related  to  windbreaks  which  are  evaluated  in  this  study 
are:    (l)  effect  of  barrier  shape  on  flow  patterns,  (2)  effect  of  different  velocities  about  a 
barrier  of  constant  shape;  i.  e.,  the  differences  in  flow  with  different  velocities,  (3)  the 
determination  of  the  zone  of  influence  of  barriers  of  different  shape,  and  (4)  evaluation 
of  wind-tunnel  results  in  terms  of  atmospheric  conditions. 

The  study  of  these  problems  was  carried  out  in  a  wind  tunnel  which  has  been  describ- 
ed by  Zingg  and  Chepil  (30).  The  working  section  used  for  this  particular  experiment 
consisted  of  a  9-foot  horizontal  length  beginning  at  a  point  40  feet  downwind  from  the  fan. 
The  top  of  the  tunnel  for  this  section  was  constructed  to  facilitate  horizontal  movement 
of  a  staff  of  Pitot  tubes  through  the  entire  9-foot  length.  The  floor  of  the  tunnel  consisted 
of  gravel  of  a  size-range  >l/6  and  <l/4  inch.  This  gave  a  rough  surface  resulting  in  the 
development  of  a  turbulent  boundary  layer  several  inches  deep  at  the  42-foot  point. 

The  four  objects  used  in  the  wind-tunnel  experiments  were  a  thin-edged  vertical 
plate,  a  cylinder,  a  45°  triangular  shape,  and  a  model  tree  windbreak.    The  cylinder  and 
triangular  shapes  were  constructed  from  galvanized  sheet  metal.    The  material  used  for 
the  vertical  plate  was  l/l6-inch  aluminum  sheeting.    The  model  windbreak  was  construct- 
ed from  cedar  boughs  mounted  on  2  by  2-inch  blocks  of  wood.    Spacing  between  the  trees 
was  1.5  inches.    The  corresponding  spacing  for  30-foot  trees  would  be  11.25  feet.  The 
windbreak  was  placed  in  the  tunnel  as  shown  in   figure  1,  page  4.    All  the  objects  were  4 
inches  high  and  36  inches  long.    They  were  placed  horizontally  on  the  floor  of  the  tunnel 
perpendicular  to  its  axis  at  the  42-foot  point,  which  was  designated  as  station  0.  The 
flow  of  air  about  each  of  the  objects  was  studied  through  use  of  horizontal  velocity 
measurements,  streamlines  of  flow,  pressure  readings,  and  shear  patterns  on  an  erodi- 
ble  sand  surface  to  the  lee  of  the  object.    Use  was  also  made  of  intensity-frequency  es- 
timates of  winds  in  integrating  the  results  to  atmospheric  conditions. 

Horizontal  velocity  measurements  were  taken  with  a  rack  of  four  Pitot  tubes  and  an 
alcohol  manometer.  The  Pitot  tubes  were  mounted  on  a  staff  gage  with  a  vernier  scale 
to  facilitate  accurate  and  rapid  vertical  movement. 


FIGURE  1. --Model  trees  oriented  in  wind  tunnel. 
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Streamlines  of  flow  were  made  by  sketching  the  paths  of  illuminated  particles.  Alu- 
minum powder  was  introduced  into  the  airstream  of  the  wind  tunnel  and  made  visible  by 
the  use  of  a  light-concentrating  system  (29). 

Pressure  readings  were  made  by  use  of  Ellison  draft  gages. 

Areas  of  protection  were  delineated  through  the  use  of  an  erodible  sand.    The  thresh- 
old  velocity  or  force  required  to  erode  the  sand  in  the  clear  tunnel  was  first  determined. 
The  sand  was  then  placed  in  the  lee  of  the  objects.    A  wind  of  velocity  greater  than  the 
threshold  was  passed  over  the  object  and  sand.    The  boundary  of  the  sand  pattern  remain- 
ing at  the  end  of  the  test  denoted  the  location  of  the  threshold  velocity  or  force.    The  sand 
was  cleared  off  the  floor  by  greater  velocity  and  force  beyond  this  boundary  limit. 

RESULTS  OF  THE  STUDY 

The  results  obtained  from  the  preceding  methods  of  study  are  discussed  under  the 
following  five  general  headings:    (l)  Similarity  of  flow  patterns,  (2)  reductions  in  aver- 
age horizontal  velocity,  (3)  streamlines  of  flow  over  the  objects,  (4)  forces  and  veloci- 
ties on  the  surface  to  the  lee  of  the  objects,  and  (5)  extension  of  the  results  to  atmos- 
pheric conditions. 

Similarity  of  Flow  Patterns 

The  resistance  encountered  by  an  immersed  body  is  dependent  in  part  upon  boundary 
shear  and  in  part  upon  separation  and  the  consequent  formation  of  a  turbulent  wake.  The 
relative  extent  to  which  each  of  these  will  affect  the  flow  varies  with  the  Reynolds  num- 
ber characterizing  the  motion  and  with  the  geometrical  form  and  orientation  of  the  body. 

Von  Karman  and  Nikuradse,  as  reported  by  Rouse,  (19,  p.  248),  in  carrying  out  ex- 
periments using  uniform  artificial  roughness  in  pipes,  found  that  if  the  roughness  is  of 
sufficient  magnitude  and  the  Reynolds  number  of  flow  is  high  enough  the  drag  coefficient 
will  be  independent  of  the  Reynolds  number. 

Immersing  an  isolated  body  in  the  flow  presents  a  slightly  different  problem.  The 
problem  is  further  complicated  if  the  body  is  placed  in  an  already  existing  turbulent 
boundary  layer.    It  is  possible,  however,  to  prove  that  at  sufficiently  high  Reynolds  num- 
bers the  drag  coefficient  in  this  case  is  also  independent  of  the  Reynolds  number.  This 
may  be  done  by  using  the  analogy  between  the  drag  of  immersed  bodies  and  the  resist- 
ance to  motion  in  non-uniform  conduits  such  as  venturi  meters  and  plate  orifices.  De- 
velopment of  these  relationships  for  water  along  with  references  to  Johansen's  work  is 
given  by  Rouse  (19,  p.  256)  and  by  Russell  (21).    Briefly,  the  development  proceeds  from 
use  of  (a)  the  mean  energy  equation  for  flow  between  a  section  in  the  approach  and  a  sec- 
tion of  maximum  jet  contraction  in  the  conduit,  and  (b)  the  continuity  equation  which  gives 
the  standard  orifice  equation  for  flow.    This  equation  for  a  compressible  fluid  such  as 
air  is: 


(1) 
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where    G    -  weight  rate  of  air  flow  in  lbs.  per  sec,  or  by  continuity  equation  - 
Vij4i  wi 

Y    -  expansion  factor  accounting  for  expansion  of  gas  as  it  passes  from  sec- 
tion 1  in  approach  to  section  2  in  contract  ion 

Ctf  -  coefficient  of  discharge 

a    =  area  of  contracted  area,  sq.  ft. 

wi  =  specific  weight  of  air,   lbs.  per  cu.  ft. 

A     -    area  of  approach,  sq.  ft. 

g    -  acceleration  of  gravity,  32.2  ft.  per  sec.2 

Pi  —  pressure  in  approach,   lbs.  per  sq.  ft. 

Pz  =  pressure  in  contracted  section,   lbs.  per  sq.  ft. 


Both  theory  and  experimental  results  have  indicated  that  is  a  function  of  the 

a 

Reynolds  number  for  any  given  ratio  of    — .    A  plot  of  versus  the  Reynolds  number 

A 

will  show  that,  for  Reynolds  numbers  low  enough  for  laminar  flow,  an  increase  in  R 
will  produce  a  rise  in     C^.    However,  as  soon  as     R    becomes  large  enough  for  the  ef- 
fect of  separation  to  become  noticeable,  the  upward  trend  in  is  gradually  offset  by 

a 

the  jet  contraction.    The  jet  contraction  for  any  given  ratio  of    —    increases  further  with 

A 

increasing  turbulence  and  the  curves  begin  to  straighten  out  and  become  asymptotic.  The 
discharge  coefficient  then  becomes  nearly  constant  and  is  independent  of  the  Reynolds 
number  of  flow. 

The  preceding  theory  is  developed  for  orifices;  however,  it  is  also  applicable  to  im- 
mersed bodies.    This  is  particularly  true  in  the  case  of  the  experiments  conducted  in  this 
study.    Here  the  position  of  the  object,  on  the  floor  of  the  tunnel,  creates  a  condition  sim- 
ilar to  that  of  a  single-edged  orifice.    Carrying  this  reasoning  further  and  using  the  usual 
premise  which  considers  the  discharge  coefficient  to  be  a  reciprocal  function  of  the  ori- 
fice drag  coefficient,  it  can  be  demonstrated  that  the  latter  is  also  independent  of  the 
Reynolds  number. 

Figure  2,  page  7,  shows  the  results  of  an  experiment  designed  to  demonstrate  the  ap- 
plicability of  the  above  theory.  Data  for  the  curves  were  obtained  by  running  a  series  of 
tests.    Conditions  were  regulated  so  that  the  range  of  Reynolds  numbers  of  flow  was  from 

a 

7,650  to  5  14,000.    A  value  of   —  =  0.89     corresponds  to  the  ratio  present  in  the  tunnel 

A 

when  the  objects  were  in  position.    Pressure  and  velocity  readings  obtained  experimental- 
ly were  used  in  the  orifice  equation  for  a  compressible  fluid    (equation  l)    to  calculate 
values  of  the  discharge  coefficient  C^. 

The  discharge  coefficient  curve  shows  that  the  coefficient  is  independent  of  the  Rey- 
nolds number  for  values  of     R  >  25,000.    The  initial  part  of  the  curve  indicates  that 
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separation  is  occurring  and  the  upward  trend  is  being  offset  by  the  jet  contraction.  This 
effect  continues  until  an     R     value  of  25,000  is  reached  and  the  curve  becomes  asymp- 
totic to  a  value  of  =  1.3.    The  curve  corresponds  closely  to  curves  shown  by  Rouse 
(19,  p.  261)  for  the  range  of  Reynolds  numbers  involved. 

The  second  curve  of   figure  2,  page  7,    shows  the  reciprocal  values  of  plotted 
versus  the  Reynolds  number.    If  the  drag  coefficient  is  considered  to  be  equal  to  this  re- 
ciprocal then  it  is  also  independent  of  the  Reynolds  number  for  values  of     R  >  25,000. 
Rouse  states  that  practically  every  immersed  body  has  its  counterpart  in  a  similar  con- 
duit transition.    He  further  compares  the  flow  at  an  abrupt  contraction  to  the  flow  about 
a  blunt  cylinder.    If  a  comparison  is  made  on  that  basis  it  is  found  that  the  curve  for  the 
drag  coefficient  given  in    figure  2    corresponds  closely  both  in  shape  and  values  to  that 
found  by  Wieselsberg  for  smooth  cylinders.    This  curve  is  also  employed  by  Rouse  (20). 
Certain  distinctions  exist  between  flow  in  a  conduit  and  flow  about  an  immersed  body. 
Further  it  is  realized  that  the  range  of  Reynolds  numbers  is  relatively  small;  however, 
it  is  believed  that,  within  the  range  used,  the  results  are  a  good  representation  of  exist- 
ing conditions. 

The  inference  from  the  above  experimental  results  is  that  similar  flow  patterns  will 
be  obtained  about  a  given  object  if  the  flow  is  characterized  by  a  sufficiently  large  Rey- 
nolds number.    This  premise  was  tested  by  subjecting  the  4-inch  vertical  plate  to  three 
flow  velocities.    The  velocities  at  the  4-inch  elevation  and  the  corresponding  Reynolds 
numbers  were  as  follows: 

u_  R_ 

Ft  ./sec . 

24.8  5.12(104) 
37.1  7.65(104) 
43.4  8.95(104) 

Horizontal  velocity  measurements  were  made  at  12  heights  at  2  1  locations  in  the  flow. 
The  data  thus  obtained  were  analyzed  and  tested  for  similarity  by  plotting  velocity-pro- 

Up 

file  maps  using  the  dimensionles s  ratios    —    and   ,  where 

H  Uc 

elevation  above  datum 
height  of  the  plate 
velocity  in  tunnel  with  plate 

velocity  at  corresponding  point  in  clear  tunnel 


These  profiles  are  shown  in   figure  3,  page  9.    Marked  similarity  of  flow  for  the  three 
velocities  was  obtained.    This  is  a  further  indication  of  the  independence  of  the  flow  pat- 
tern to  the  Reynolds  number  characterizing  the  flow. 

U 

It  is  evident  that  the  ratio  of  the  velocities  — -     approaches  a  constant  irrespective 

Uc 

of  the  flow  velocity.    Percent  reduction  in  velocity  is  equal  to  100  minus  the  ratio  of  ve- 
locities expressed  as  a  percent.    It  follows  that  the  percent  reduction  in  velocity  attrib- 
utable to  placement  of  a  barrier  is  also  a  constant  at  a  given  location  irrespective  of  the 
velocity.    Complete  protection  or  benefit  must  be  based  on  a  reduction  of  velocity  to  a 
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value  less  than  the  critical  value  for  the  soil:  therefore,  the  higher  the  wind  the  less  the 
benefit  of  an  obstruction. 

The  finding  in  the  present  research  that  the  flow  pattern  approaches  a  constant  is  at 
variance  with  the  results  of  other  investigators.    DenUyl  (9)  concluded  that  the  relative 
effectiveness  of  a  windbreak  decreased  with  an  increase  in  velocity.    On  the  other  hand, 
Bates  (3)  concluded  that,  "Both  the  depth,  expressed  by  percent  of  velocity  reduction, 
and  the  width  of  the  pool  of  quieted  air  will  increase  as  winds  become  stronger,  and  the 
center  will  tend  to  move  a  little  further  away  from  the  windbreak." 

Reduction  in  Average  Horizontal  Velocity 

Field  measurements  of  velocities  about  a  windbreak  are  usually  made  with  a  rotating 
cup  anemometer  or  some  similar  device  capable  of  measuring  only  the  horizontal  veloc- 
ity.   Estimates  of  effectiveness  based  on  measurements  made  in  this  manner  have  dif- 
fered widely.    Bates  (5)  has  stated  that  80-percent  reduction  in  velocity  may  be  attained 
near  the  break,  and  that  this  will  taper  to  insignificance  at  a  horizontal  distance  of  20 
times  the  height  of  the  break,  or  20  H.    A  Soil  Conservation  Service  Bulletin  (25)  shows 
40-percent  reduction  at  10  H,  25-percent  reduction  at  20  H,  and  insignificant  reduction  at 
40  H.    DenUyl  (9)  indicates  little  protection  beyond  12  H  and  gives  40-percent  reduction 
at  8  H  for  a  20-m.p.h.  wind.    Flensberg  (10)  has  designated  a  distance  reaching  to  10  H 
as  the  effective  zone;  Barth  (2)  12  H;  Anderson  (l)  6-15  H;  Trenk  (24)  50-percent  reduc- 
tion at  2  H;  Walker  (27)  80-percent  at  2  H  and  25  percent  at  10  H;  Hopkins,  Palmer,  and 
Chepil  (13)  say  the  effective  zone  extends  to  15-30  H  with  50-percent  reduction  at  8  H; 
and  the  Russian  investigators  report  anywhere  from  20  H  to  40  H,  with  the  predominant 
opinion  being  25  H. 

In  view  of  the  large  difference  in  opinion  as  to  specific  effectiveness  of  windbreaks, 
it  appeared  desirable  to  make  measurements  of  horizontal  velocity  reductions  in  the  wind 
tunnel.    It  was  reasoned  that  the  range  of  values  reported  might  be  due  to  differences  in 
shape  of  windbreaks  evaluated.    The  average  horizontal  velocity  was  measured,  therefore, 
to  the  leeward  of  each  of  the  four  previously  described  objects,  using  a  constant  velocity 
of  25  miles  per  hour  at  the  4-inch  elevation.    The  velocity-profile  maps  drawn  from  these 
data  are  shown  in   figure  4,  page  11.    The  following  short  table  summarizes  the  more 
important  results  indicated  in  the  figure. 


Object 


Vertical  plate 
Triangular  shape 
Cylindrical  shape 
Model  trees 


75%  reduction 

13.0  H 
10.5  H 

7.0  H 

(1) 


Distance  at  0. 1  H  to: 

50%  reduction 

15.5  H 
15.0  H 
9.0  H 
13.5  H 


1There  is  no  point  of  75-percent  reduction  at 
the  air  through  the  trees. 


25%  reduction 

21.5  H 
20.5  H 
14.0  H 
27.0  H 


0.1  H  due  to  the  jetting  of 


In  general,  the  model  trees  cause  a  more  extended  zone  of  reduction  in  velocity  than 
any  of  the  other  shapes.    This  is  evident  in  the  27  H  distance  to  a  25-percent  reduction 
and  the  relatively  great  distance  between  a  25-percent  and  a  50-percent  reduction  in  ve- 
locity.   The  vertical  plate  reduces  the  velocity  approximately  44  percent  more  than  the 
cylinder  at  positions  near  the  object  and  35  percent  at  positions  farther  from  the  object. 
The  plate  also  reduces  the  velocity  approximately  10  percent  more  than  does  the 
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triangular  shape  at  both  the  near  and  far  distances. 

The  windward  reduction  in  velocity  is  relatively  insignificant  for  all  of  the  objects. 
The  trees  show  a  20-percent  reduction  at  -4  H;  this  builds  up  to  25  percent  at  -3  H,  then 
decreases  again  as  the  air  jets  through  the  trees.  The  windward  protection  for  the  solid 
objects  appears  to  be  greatest  for  the  triangular  shape,  since  it  is  approximately  -7  H  to 
a  point  of  25-percent  reduction.  The  cylinder  and  plate  show  a  distance  of  -4  H  and 
-4.5  H,  respectively,  to  a  25-percent  reduction,  this  then  building  up  to  approximately  50 
percent  at  -2  H. 

The  results  shown  here  are  in  reasonable  agreement  with  field  measurements  made 
with  a  50-percent  solid  barrier  at  Huron,  S.  Dak.,  (25).    The  distance  to  points  of  25-per- 
cent reduction  is  particularly  close  for  the  cylinder  or  triangular  shape. 

Streamlines  of  Flow  Over  the  Objects 

As  in  all  fields  of  mechanics,  velocity  is  a  vector  quantity,  since  it  possesses  both 
magnitude  and  direction.    The  velocity  vector  at  any  point  in  a  moving  fluid  generally  has 
components  in  each  of  three  coordinate  directions.    A  Pitot  tube  or  a  cup  anemometer  can 
measure  only  one  component  of  velocity,  depending  upon  its  orientation.    While  most  field 
measurements  have  been  made  in  this  manner,  they  do  not  necessarily  give  a  true  picture 
of  the  pattern  of  flow  about  a  windbreak. 

In  view  of  limitations  of  physical  measurement  in  the  horizontal  profile,  streamlines 
for  each  of  the  objects  were  determined.    Since  a  streamline  is  defined  as  a  line  which 
lies  in  the  direction  of  flow  at  every  point,  this  device  yields  the  direction  and  magnitude 
of  the  velocity  at  any  point  in  the  flow  surrounding  the  objects. 

Theory  states  that  stream  flow  will  follow  the  boundary  condition  throughout.    It  has 
been  proved  that  a  fluid  moving  with  appreciable  velocity  will  be  guided  by  a  divergent 
boundary  only  if  the  angle  of  divergence  is  relatively  small.    If  this  angle  of  divergence 
is  large,  then  the  phenomenon  known  as  separation  will  occur  at  a  point  near  the  boundary 
with  a  resultant  divergence  upward  of  the  streamlines.    This  in  turn  causes  a  large  pres- 
sure drop.    The  resistance  any  boundary  exerts  upon  the  flow  depends  upon  the  compo- 
nents of  the  stresses  along  the  boundary  profile.    The  two  stresses  present  are  those  due 
to  viscous  shear  and  pressure,  and  the  resultant  force  is  made  up  of  a  combination  of  the 
two. 

Streamlining  has  the  effect  of  reducing  the  angle  of  divergence  with  respect  to  the 
flow  on  the  downstream  side.    This  eases  the  curvature  in  the  zone  of  the  maximum  ve- 
locity and  consequently  reduces  the  pressure  drop  and  the  eddy  zone,  and  postpones  or 
altogether  prevents  separation.    In  terms  of  the  two  stresses  present,  this  means  that  in 
a  streamlined  boundary  the  forces  are  due  almost  entirely  to  shear  or  the  viscous  effect; 
whereas,  in  an  unstr eamlined  boundary  the  viscous  effects  are  negligible  in  comparison 
to  differences  in  pressure  fore  and  aft  of  the  object.    If  separation  occurs  and  a  resultant 
force  opposes  motion,  the  magnitude  of  this  force  will  vary  with  the  shape  of  the  body. 
This  force  is  referred  to  as  "form"  drag. 

Insofar  as  form  drag  is  concerned  it  is  possible  to  distinguish  about  three  different 
types  of  body  contour  (19,  p.  210):    (a)  that  in  which  the  point  of  separation  is  determined 
almost  wholly  by  the  angularity  of  profile,  a  thin  plate  normal  to  the  flow  being  a  good 
illustration,  (b)  that  in  which  the  surface  curvature  is  appreciable,  yet  gradual  enough  for 
the  actual  point  of  separation  to  be  determined  in  part  by  conditions  within  the  boundary, 
the  sphere  being  an  example;  and  (c)  that  of  such  very  easy  curvature  that  the  point  of 
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separation  occurs  close  to  the  rear,  the  size  of  the  wake  being  reduced  to  a  minimum  as 
in  the  case  of  a  streamlined  body. 

The  four  objects  used  in  the  experiment  have  elements  representative  of  the  above 
types  of  body  contour.    The  preceding  theory  is  applicable,  therefore,  in  describing  and 
clarifying  the  conditions  of  flow  about  the  objects. 

Approximate  streamlines  for  the  four  objects  obtained  by  the  sketching  technique  are 
shown  in   figure  5,  page  14.    Each  streamline  is  drawn  for  equal  increments  of  flow. 
Since  the  essence  of  a  streamline  is  that  the  rate  of  flow  is  proportional  to  the  velocity 
and  area  between  lines,  zones  of  accelerated  and  retarded  flow  are  readily  discernible. 

Reference  to    figure  5    will  indicate  a  close  agreement  between  theory  and  results  in 
regard  to  divergence  of  streamlines.    It  will  be  noted  that  the  topmost  ed^e  or  profile  of 
the  object  governs  the  pattern  of  flow.    When  this  edge  is  well  defined  and  sharp,  as  in 
the  case  of  the  plate  and  triangular  shape,  the  angle  of  divergence  is  large  and  separation 
occurs  with  a  resultant  divergence  upward  of  the  streamlines.    This,  in  turn,  causes  a 
larger  and  more  extended  turbulent  wake  leeward  of  the  object.    When  the  angle  of  di- 
vergence of  the  streamlines  is  greatly  reduced,  resulting  in  partial  streamlining,  as  in 
the  case  of  the  cylinder,  the  turbulent  wake  is  much  smaller.    The  cylinder  perhaps  ap- 
proaches type  (b)  in  Rouse's  (19,  p.  210)  interpretation  of  form  drag  since  there  is  no 
doubt  that  separation  occurs  to  a  limited  extent.    The  streamlines  for  the  model  trees 
show  a  lesser  angle  of  divergence  but  a  more  extended  turbulent  wake  leeward  of  the 
trees.    This  is  probably  due  to  penetration  of  the  air  through  the  trees.    Since  the  turbu- 
lent wake  is  extended  for  the  trees  it  appears  that  the  zone  of  velocity  reduction  or  lag 
is  greater  than  for  objects  offering  a  solid  front  to  the  wind. 

The  approach  of  the  wind  to  the  objects  appears  to  be  practically  horizontal  until  it 
reaches  a  point  two  to  three  heights  from  them.    From  this  point  it  diverges  upward,  de- 
pending upon  the  degree  of  streamlining  of  the  object.    The  direction  and  concentration  of 
the  streamlines  immediately  above  and  preceding  the  objects  are  of  interest.    It  will  be 
noted  that  the  upward  deflection  is  gradual  and  that  the  zone  of  maximum  velocity  is  a- 
bove  and  aft  of  the  objects  a  distance  of  two  to  six  times  their  height.    Beyond  this  point 
deceleration  occurs  as  indicated  by  the  diverging  streamlines. 

Except  for  a  slightly  greater  angle  of  deflection  of  the  streamlines  for  the  plate  there 
is  very  little  difference  in  the  flow  patterns  for  the  plate  and  the  triangular  shape.  This 
would  indicate  that  the  so-called  hip-roof  design  of  windbreaks  may  have  little  advantage 
.over  a  single  break  insofar  as  its  top  profile  is  concerned.    These  data  also  verify 
Bates'  (5)  suspicion  that,  "the  too  wide,  streamlined  belt  loses  very  largely,  the  bene- 
fits from  the  sharp  upward  deflection."    It  is  realized,  however,  that  due  to  certain  re- 
alities, a  narrow  break  of  trees  may  not  perform  all  the  functions  desired. 

Pressure  measurements  made  fore  and  aft  of  each  object  indicated  a  close  relation- 
ship between  divergence  of  streamlines  and  pressure  drop.    A  sharp  divergence  upward 
of  the  streamlines,  as  in  the  case  of  the  plate,  caused  a  marked  increase  in  pressure 
drop;  whereas,  in  the  case  of  the  partially  streamlined  cylinder,  the  pressure  drop  was 
decreased.    In  terms  of  the  two  stresses  present,  this  indicated  that  the  largest  propor- 
tion of  the  resistance  to  flow  of  the  sharp  edge  profiles  was  due  to  pressure  forces.  In 
the  case  of  the  cylinder  and  the  trees  the  viscous  forces  appeared  to  be  of  consequence. 
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HORIZONTAL    DISTANCE    IN    BARRIER  HEIGHTS 


FIGURE  5. --Sketches  showing  approximate  streamlines  of 
riers  of  varying  shape.  The  dotted  curve  represents 
surface  of  separation  to  the  lee  of  the  object. 
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Force  and  Velocity  on  the  Surface  to  the  Lee  of  the  Objects 

There  are  limitations  to  the  zone  in  which  streamlines  may  be  used.    These  limita- 
tions stem  from  the  fact  that  a  streamline  cannot  be  determined  in  the  turbulent  wake  of 
the  object,  nor  in  the  boundary  layer  near  the  surface.    It  was  found  physically  impos- 
sible to  describe  this  flow  in  the  ordinary  manner.    For  this  reason  the  method  of  shear 
patterns  described  previously  was  used. 

u 

The  method  of  shear  patterns  is  based  on  the  concept  that  a  velocity  ratio    may 

Uo 

be  related  to  levels  of  shear  as  follows: 


u  FT 
uo     V  T< 


(2) 


where     uQ     is  the  threshold  velocity  for  a  given  erodible  material  in  a  clear  tunnel,  u 
is  a  velocity  of  known  magnitude  greater  than  the  threshold  also  measured  in  a  clear  tun- 
nel,    f      is  the  threshold  shear,  and     7*    is  a  shear  of  known  magnitude  greater  than 
the  threshold. 

Experiments  were  conducted  using  each  of  the  four  objects.    A  graded  dune  sand, 
0.30-0.4Z  mm.  in  size,  was  used  as  the  vehicle  for  establishing  the  patterns.    Four  lev- 

u 

els  of  wind,  each  yielding  values  of    —   >1,     were  passed  over  the  objects  and  the  sand. 

uo 

The  boundary  of  the  sand  pattern  remaining  at  the  end  of  each  test  denoted  the  location 
at  which  the  barrier  reduced  the  shear  at  the  bed  level  to    T  .    This  is  the  equivalent  of 

'  u  .  "  '.  -  u 

reducing  the  value  of      —     to  unity  at  the  same  location.    This  reduction  in    —  will 

uo  uo 
be  termed  the  effective  velocity  reduction.     Expressed  as  a  percent  it  is: 

u 

100(-    -  1) 

uo 

Effective  Percent  Reduction  =    (3) 


Figure  6,  page  16,  presents  dimensionless  curves  obtained  from  the  experiment.  The 
curves  indicate  the  effective  percent  reduction  to  the  lee  of  a  given  object  irrespective  of 
the  velocity  of  the  wind.    It  is  evident  that  the  percent  reduction  in  velocity  at  the  surface 
to  the  leeward  of  each  object  varies  in  an  irregular  manner  with  length.    If  the  curves 
are  extrapolated,  two  zones  of  maximum  velocity  reduction  may  be  established.  These 
zones  may  be  designated  as  "A"  and  "B."    Zone  "A"  is  located  immediately  aft  of  the 
objects;  zone  "B"  ranges  in  location  from  6  to  1 1  times  the  height  of  the  various  objects. 

The  minimum  reduction  between  zones  "A"  and  "B"  occurs  at  a  distance  equal  to 
two  to  eight  times  the  height  of  the  objects.    Beyond  zone  "B"  the  effective  percent  re- 
duction decreases  and  approaches  zero  at  37  to  52  H.    The  effective  reduction  in  the 
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u 

zone  between  2  and  8  H  will  not  eliminate  sand  movement  when    —      exceeds  a  limiting 

uo 

value.    Observation  showed  that  the  flow  in  this  region  was  very  turbulent,  moving  in  all 
directions  in  general  and  toward  the  object  in  particular.    When  the  -limiting  value  of 
u 

—  was  exceeded,  this  reverse  flow  caused  drifting  and  ripples  near  the  objects.  Of  the 
uo 

three  solid  barriers,  the  triangular  shape  showed  the  least  development  of  this  turbulent 
flow  near  the  object.    It  will  be  noted  from    figure  6,  page  16,    that  the  curve  represent- 
ing the  condition  in  proximity  to  the  trees  is  not  U-shaped.    This  is  due  to  the  jetting  of 
air  between  the  trees. 

Net  zones  of  velocity  lag  of  known  effective  percent  reduction  at  the  bed  level  may  be 
determined  from  the  curves  of   figure  6.    The  area  under  the  curves  for  a  given  barrier 
will  yield  an  "index  of  protection"  similar  to  Bates'  (5)  units  of  wind  reduction.    A  sum- 
mary of  pertinent  data  from    figure  6    is  given  in   table  1,  page  18. 

From   table  1    it  will  be  noted  that  a  reduction  equal  to  100  percent  in  effective  ve- 
locity occurs  in  zone  "A"  for  short  distances  to  the  lee  of  the  plate  and  triangular- 
shape  barriers.    In  zone  "B"  the  extrapolations  of  values  indicate  that  the  model  trees 
attain  the  maximum  percent  reduction  in  velocity.    This  distance  and  percent  reduction 
in  velocity  is  at  least  for  the  cylindrical  shape.    The  apparent  limit  of  the  zone  of  influ- 
ence is  greatest  for  the  trees  and  least  for  the  cylindrical  shape.    The  net  effective  zone 
where  the  velocity  is  reduced  to  50  percent  is  greatest  for  the  vertical  plate.    For  re- 
ductions of  25  percent  the  net  zone  is  greatest  for  the  model  trees.    The  over-all  picture 
given  by  the  values  of  the  "index  of  protection"  shows  the  objects  ranking  in  the  order: 
vertical  plate,  triangular  shape,  model  trees,  and  cylindrical  shape. 

It  is  evident  that  porosity  and  shape  are  items  which  may  well  be  considered  in  de- 
signing barriers  or  windbreaks.    Their  design  would  be  dependent  somewhat  on  the  lev- 
els of  wind  movement  for  a  given  region.    If  winds  were  relatively  low,  a  25-percent  re- 
duction might  be  sufficient  to  accomplish  a  given  objective;  however,  if  periods  of  ex- 
tremely high  winds  were  encountered  frequently  a  50-percent  reduction  would  possibly  be 
required.    Porous  versus  sharp-profiled  obstructions  could  be  adapted  to  these  two  con- 
trasting conditions. 

A  comparison  of  the  method  of  shear  patterns  and  the  method  of  horizontal  velocity 
measurements  shows  that  the  two  approaches  give  comparable  results  for  an  effective 
zone  classified  as  that  having  a  25-percent  reduction  in  velocity.    At  the  50-percent  ef- 
fective reduction  level,  the  net  zone  at  the  surface  is  reduced  25  to  30  percent  below  that 
indicated  by  horizontal  measurements  at  0.1  H.    These  results  appear  reasonable,  since 
the  streamlines  of  flow  show  a  very  turbulent  wake  near  the  object  where  the  50-percent 
reduction  zone  is  located.    The  horizontal  component  of  velocity  in  this  zone  accounts  for 
only  a  portion  of  the  actual  force  at  the  surface. 

The  method  of  shear  patterns  was  also  used  to  study  the  area  of  protection  of  a  bar- 
rier in  relation  to  its  length  and  to  clarify  the  effects  of  jetting  of  wind  through  a  porous 
barrier.    Separate  experiments  were  conducted  for  each  of  these  studies. 

Five  1-inch  solid  barriers,  having  lengths  of  6  H,  12  H,  18  H,  24  H,  and  30  H  were 
used  in  the  study  of  length  and  area  protected.    The  barriers  were  placed  in  the  tunnel  at 
90-,45-,and  30-degree  angles  to  the  wind.    In  a  constant  wind  equal  to      1.25  uq     it  was 
found  that  the  area  was  parabolic  in  shape  regardless  of  the  angle  of  approach  of  the 
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wind.    The  data  obtained  from  the  experiment  further  showed  the  area  to  be  proportional 
to  the  square  of  the  length  of  the  barrier  normal  to  the  wind  for  values  up  to  approxi- 
mately 20  H.    Beyond  this  limit  the  area  appears  to  be  directly  proportional  to  length. 

The  results  of  the  jet-effect  studies,  wherein  the  model  trees  were  used,  are  shown  by 
photograph  in   figure  7,  page  20.    While  the  area  affected  is  not  large  it  is  evident  that  a 
problem  of  erosion  adjacent  to  a  porous  barrier  does  exist.    It  should  not  be  concluded, 
however,  that  this  penetration  should  be  eliminated.    On  the  contrary,  reference  to  the 
streamlines  and  shear  patterns  of  the  solid  objects  and  the  trees  will  show  that  if  the 
goal  for  effectiveness  is  not  set  too  high  the  trees  are  superior  to  the  solid  objects. 

Extension  of  Results  to  Atmospheric  Conditions 

In  view  of  the  general  agreement  of  wind-tunnel  results  with  reported  field  measure- 
ments it  seems  advisable  to  extend  these  results  to  atmospheric  conditions.    While  the 
results  using  all  shapes  could  be  used  in  such  an  analysis,  the  model  trees  will  be  used 
as  an  example  since  they  are  more  nearly  representative  of  windbreaks  used  in  the  field. 

The  Reynolds  number  of  the  experiments,  using  the  4-inch  model  trees  and  a  velocity 
of  25  miles  per  hour  is  7.56(10^).    The  Reynolds  number  for  full-scale  30-foot  trees  in  a 
wind  velocity  of  25  miles  per  hour  will  be  6.87(  106).    However,  since  the  pattern  of  flow 
around  similar  barriers  presumably  approaches  a  constant  for  Reynolds  numbers  of  this 
order,  values  obtained  in  the  wind  tunnel  should  approximate  field  conditions. 

The  method  by  which  the  placement  of  a  windbreak  in  the  open  may  be  evaluated  can 
be  illustrated  by  use  of  a  simplified  hypothetical  problem  as  follows: 

Problem:    A  30-foot  windbreak  having  geometric  similarity  to 
the  model  trees  used  in  the  wind  tunnel  is  placed  in  the  field. 
The  ground  surface  is   composed  of  sand  averaging  0.25  mm. 
in  diameter.    Assume  that  a  windstorm  of  2-year  recurrence 
frequency  during  the  month  of  April  blows  normal  to  the  break. 
What  are  some  of  the  conditions  of  protection  to  the  lee  of  the 
windbreak  ? 

Information  Required:    The  threshold  velocity,      u0,      for  a  0.25  mm. 
dune  sand  is  approximately   14  miles  per  hour  as  measured  at 
a  2-foot  height  in  the  field.    According  to  Zingg  (28)  the  ex- 
pected level  of  wind  movement  in  the  High  Plains  for  April  is 
26  miles  per  hour  as  an  average  for  a  3-hour  period.  This 
figure  is  the  maximum  expected  to  occur  at  2-year  intervals 
at  a  2-foot  height  above  the  ground.    The  d  i  m  e  n  s  i  o  n  1  e  s  s  graph 
of     figure  8,  page  21,      shows  the  relationship  betwee'n 
u 

—  and  distances  from  the  barrier  at  which  velocities  will 
uo 

be  reduced  to  an  effective  value      su0-    A  graPh  °f  this  type  is 
necessary  for  the  solution  of  the  problem. 

Solution:    Assuming  the  average  wind  velocity  for  the  3-hour 
period  to  be  constant  at  26  miles  per  hour,  the  value  of 
u        2  6  m  p  h 

—  =    =1.86.    Referring  to     figure  8,     it  will  be  found 

u      .  1  4  m  p  h 


FIGURE  7. --Pattern  of  sand  removal  to  the  leeward  of 
model  trees,   as  seen  from  above. 
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that  the  indicated  limits  of  complete  protection  for  a  value  of 
u 

—    =    1.86      lie  between  6  -  and   15-barrier  heights,  or  a  net  dis- 
u 

tance  of  9-tree  heights.     This  is  a  horizontal  distance  of  270 
feet  starting   180  feet  away  fromthe   30-foot  trees.    Thus  the 
porosity  of  the  break  would  permit  erosion  to  occur  in  a  zone 
adjacent  to  the  barrier.     It  will  be  noted  from     figure  8,  page 
2  1,      that  some  degree  of  protection  less  than  that  required  to 
control  drifting  would  accrue  throughout  the  entire  zone  of 
influence  of  the  windbreak.    This   simplified  solution  does  not 
take  into  account  the  fluctuations  of  wind  velocity  which  would 
occur  in  a  3-hour  wind.    Suffice  to  state  that  they  would  vary 
greatly  about  the  average  value  of  26  miles  per  hour,  and  the 
zone  of  more  or  less  complete  protection  and  the  level  of  par- 
tial protection  in  the  total  zone  of  influence  would  be  a  vari- 
able. 

DISCUSSION 

Several  phases  of  the  windbreak  problem  have  been  considered  in  this  investigation. 
There  are,  however,  certain  characteristics  of  the  problem  which  are  not  completely  a- 
menable  to  solution  by  use  of  the  wind  tunnel  at  the  present  time.    It  is  the  purpose  of 
this  section  to  discuss  some  of  these  characteristics  and  limitations. 

For  the  most  part  results  have  been  in  favorable  agreement  with  field  measurements 
reported  by  other  investigators.    Discrepancies  have  arisen,  however,  in  regard  to  flow 
patterns.    This  study  has  indicated  that  the  flow  pattern  tends  to  remain  constant  irre- 
spective of  the  level  of  the  wind.    Other  investigators  have  concluded  that  the  flow  pattern 
is  not  constant.    DenUyl  (9)  found  that  the  flow  pattern  was  modified  to  yield  relatively 
less  protection  with  increasing  levels  of  wind  velocity.    Others  (3,  13)  have  shown  the 
flow  pattern  to  change  in  such  a  manner  that  the  relative  benefit  of  the  barrier  is  in- 
creased as  the  wind  velocity  becomes  higher.    It  is  possible  that  the  factors  of  porosity 
and  the  basic  differences  in  flow  characteristics  under  controlled  wind-tunnel  conditions 
and  atmospheric  conditions  may  enter  into  this  phenomenon.    Again,  a  break  in  the  near- 
constant  value  of  the  drag  coefficient  occurs  for  flow  about  some  objects  at  a  Rey- 
nolds number  between  105  and  106.    This  phenomenon  may  have  a  bearing  on  the  problem. 
In  any  case,  the  results  indicate  the  need  for  additional  corroborative  field  investigations. 

The  analysis  of  flow  about  the  barriers  has  been  restricted  to  flow  having  velocity 
components  in  only  two  of  the  three  coordinate  directions.    While  the  flow  is  basically  two- 
dimensional  in  the  wind  tunnel,  it  may  or  may  not  be  so  under  a  fluctuating,  turbulent  at- 
mospheric condition. 

The  influences  of  multiple  windbreaks  have  not  been  considered  in  this  study.  There 
are  two  reasons  for  this:    (a)  The  problems  relating  to  a  single  windbreak  offer  a  chal- 
lenge in  themselves,  and  (b)  the  complexity  of  the  multiple  windbreak  problem  is  such 
that  the  interpretation  of  wind-tunnel  results  to  atmospheric  conditions  is  difficult.    It  is 
believed  that  the  solution  to  this  problem  should  come  partially  through  the  evaluation  of 
artificial  barriers  under  atmospheric  conditions. 

While  the'  extension  of  the  wind-tunnel  results  to  atmospheric  conditions  appears  to 
give  reasonable,  results,  it  is  realized  that  the  approach  is  speculative  and  depends  for 
its  validity  upon  the  applicability  of  the  Reynolds  parameter.    Some  investigators  are  of 
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the  opinion  that  the  Reynolds  number  cannot  be  applied  in  a  straight-forward  manner  to 
the  atmosphere.    TheReynolds  number  analysis  is  based  upon  a  zero  lapse  rate,  where- 
as under  atmospheric  conditions  the  lapse  rate  is  variable.    This  serves  to  add  the  ad- 
ditional complexity  of  turbulence  due  to  the  lapse  rate  of  temperature.    Most  wind-tun- 
nel results  in  the  past,  however,  have  used  this  parameter  as  a  means  of -extending  the 
results,  and  until  more  information  is  obtained  it  appears  to  be  the  best  tool  for  the  op- 
eration. 

This  investigation  is  not  intended  as  the  final  answer  to  all  of  the  aerodynamic  prob- 
lems associated  with  windbreaks.    It  is  believed,  however,  that  the  results  throw  some 
light  on  a  complex  problem  which  is  plagued  with  many  conflicting  answers. 

SUMMARY 

Wind-tunnel  tests  were  conducted  to  obtain  fundamental  information  on  problems  re- 
lated to  windbreaks. 

Three  known  geometrical  shapes  of  barriers  and  a  model  tree  windbreak  were  uti- 
lized to  evaluate  the  effect  of  shape  on  flow  patterns.    Wind-tunnel  data  are  presented  on 
the  effect  of  barrier  shape  on  flow  patterns,  similarity  of  flow  patterns,  and  the  zone  of 
influence  of  single  barriers  of  different  shape.    These  results  are  also  extended  to  at- 
mospheric conditions.    Pitot-tube  measurements  of  horizontal  velocity,  velocity-profile 
maps,  streamlines  of  flow,  and  shear  patterns  are  employed  to  describe  the  flow  about 
the  objects. 

The  resistance  to  flow  around  a  given  object  was  found  to  be  independent  of  the  Rey- 
nolds number  at  the  relatively  high  ranges  of  the  number  used.    Flow  patterns  were  also 
found  to  be  similar  irrespective  of  the  level  of  velocity.    Thus,  a  constant  percent  reduc- 
tion in  velocity  at  a  given  location  irrespective  of  the  level  of  wind  is  indicated.    The  ab- 
solute protection  is,  however,  dependent  on  the  level  of  the  wind. 

It  was  found  that  the  object's  value  in  protecting  the  area  to  the  leeward  depended 
somewhat  upon  the  requirements  set  for  effectiveness.    The  objects  listed  in  order  of 
their  effectiveness  in  creating  a  velocity  of  reduction  S£50  percent  are:    the  plate,  the 
triangular  shape,  the  trees,  and  the  cylinder.    The  objects  listed  in  order  of  their  effec- 
tiveness in  creating  a  velocity  reduction        25  percent  are:    the  model  trees,  the  plate, 
the  triangular  shape,  and  the  cylinder.    It  was  concluded  from  these  results  that  density 
and  shape  are  factors  which  should  be  considered  in  the  design  of  a  windbreak.    The  em- 
ployment of  these  factors  in  the  design  would  depend  somewhat  on  the  velocity  of  wind 
movement  for  the  region. 

The  streamlines  of  flow  follow  a  gradual  contour  over  each  of  the  objects  with  no  a- 
brupt  change  in  direction  indicated.    The  zone  of  maximum  velocity  was  found  to  be  a- 
bove  and  aft  of  the  objects  a  horizontal  distance  equal  to  two  to  six  times  the  height. 

Flow  patterns  and  effective  velocity  reductions  for  the  vertical  plate  and  the  triang- 
ular shape  were  nearly  comparable;  this  indicates  that  a  '^hip-roof'  windbreak  design 
may  have  little  advantage  over  other  possible  arrangements. 

A  method  of  shear  patterns  was  used  to  describe  the  conditions  at  the  surface  to  the 
lee  of  a  given  object.    It  was  shown  that  the  effective  percent  reduction  in  velocity  at  the 
surface  varies  in  an  irregular  manner  with  length.    Trend  curves  of  percent  velocity  re- 
duction with  length  indicate  two  zones  of  maximum  and  two  zones  of  minimum  reduction 
for  solid  barriers,  and  one  zone  of  maximum  and  two  zones  of  minimum  reduction  for  the 
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porous  trees.    This  method  also  showed  that  windbreak  effectiveness  based  on  horizontal 
velocity  measurements  may  be  25  to  30  percent  in  error  in  the  zone  immediately  aft  of 
the  barrier. 

The  studies  indicated  that  the  areas  of  protection  aft  of  the  barriers  vary  as  the 
square  of  the  length  of  the  break  normal  to  the  wind  for  values  up  to  approximately  20  H. 
It  was  further  indicated  that  this  area  is  parabolic  in  shape  regardless  of  the  angle  of 
approach  of  the  wind. 

A  simple  hypothetical  problem  was  used  to  illustrate  the  extension  of  the  results  to 
atmospheric  conditions.    The  required  information  for  solution  of  the  problem  is  dura- 
tion and  recurrence-interval  data  for  winds  and  the  threshold  velocity  of  the  soil  for  a 
given  location. 
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